
































































‣ 人工EEGデータからダイポールの数, 位置, モーメントを推定できるか確認．
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⇥MPIC(k)!d E⇡⇤ [log ⇡k], (15)





as an estimator of the dipole number. For a technical reason, we intention-
ally forgot the location parameter s. Namely, we identify an EEG record,
{Y (si)}Si=1, as a collection of i.i.d. samples drawn from an unknown proba-
bility distribution ⇡⇤ that does not depend on s.
Proof of (15). The predictive distribution is given by
⇡k(Z | Y t) =
Z
fk(Z | x)⇠k(x | Y t)dx
=
ZZ
fk(Z | r, q)p(q | r, Y t)dq ⇢k(r | Y t)dr.
Thus the expected log likelihood is given by




fk(Z | r, q)p(q | r, Y t)dq ⇢k(r | Y t)dr
 
.
Fix r and write bq = bq(r, Yt). Then,
f(Z | r, q) ⇡ (2⇡)3k/2|SJ | 1/2f(Z | r, bq) (q; bq, (SJ) 1). (16)
As bq is the maximum likelihood estimator, bq !d  (q⇤, (SJ) 1) as S ! 1.
Hence we can assume that
p(q | r, Y t) ⇡  (q; bq, (SJ) 1). (17)
Put (16) and (17) together, we haveZ
fk(Z | r, q)p(q | r, Y t)dq ⇡ (2⇡)3k/2|SJ | 1/2f(Z | r, bq) Z ⇥ (q; bq, (SJ) 1)⇤2 dq








































Figure 7: Estimation errors obtained by 10 sets of tracking results for three dipoles (Type:F) with SNR 10 dB (left) and 5 dB



























Figure 8: Comparison of the accuracy among AIC, BIC, MPIC (for particle filters respectively), and DYNAMO (AIC for EKF)
examined with 6 types of 10 sets of trials. In all cases, DYNAMO and AIC come to the worst and the second worst places
respectively. As the dipole number increases from Type:D to F, AIC comes to perform better, by contrast, BIC comes to
perform worse, and MPIC developed a stable high performance.
13
Ynew = ynew occurs from the posterior knowledge. By the independence assumption on f , the joint predictive




⇧k(Ynew | ynt; si).
We select k of the most predictive DSL procedure in the sense of the predictive distribution ⇡k. In other




Here ⇡⇤ is the ground truth distribution of EEG Y nnew.
Recall that the KL divergence is given by KL(⇡⇤ k ⇡k) := E⇡⇤ [  log ⇡k(Y nnew | ynt)] E⇡⇤ [  log ⇡⇤(Y nnew |
ynt)], and the second term is a constant. Thus, the KL minimization is equivalent to the minimization of
the first term, or the cross entropy:
min
k
E⇡⇤ [  log ⇡k(Y nnew | ynt)].
By the definition of Ynew, we cannot obtain ⇡⇤, and we only have “observed data” ynt. Namely, we
have to estimate the cross entropy from ynt. As a tractable estimator of the cross entropy, we derived the
following:
E⇡⇤ [  log ⇡k(Y nnew | ynt)] ⇡ Eb⇢[  log f(ynt | rkt ,cqk(rkt ,ynt ))] + 3k log(p2e). (17)
The proof is given in Appendix B. Here, b⇢ means the particle approximation of the expectation E⇢ with
respect to the posterior ⇢(rkt | ynt), namely, Eb⇢[f(Rkt )] := 1mPmi=1 f(rkt|t,i) for an arbitrary function f .
By using (17), we define MPIC, or an nformation criterion for multiple particle filters, as below.
MPIC(k) := 2⇥
⇣
Eb⇢[  log f(ynt | rkt ,cqk(rkt ,ynt ))] + 3k log(p2e)⌘ . (18)
Namely, 12 ⇥MPIC(k) is an estimator of the cross entropy E⇡⇤ [  log ⇡k(Y nnew | ynt)]. We selectbk := argmin
k
MPIC(k), (19)
as an estimator of the dipole number.155
2.4. Simulation with Artificial EEG data
We applied MPIC to artificial EEG datasets to examine its performances: tracking and dipole number
estimation. In Experiment I, we run a single DSL procedure with known dipole number to examine the
tracking performance. In Experiment II, we run multiple DSL procedures with unknown dipole number
and use MPIC to estima e the dipole number to examine the performance of dipole number estimation. we160
compared our method, the particle filter with MPIC, wi h existing techniques: AIC, BIC and DYNAMO.
Data Generation
First, we generated sample paths xk(t)t (t = 1, . . . , 60) of artificial dipoles with time-dependent dipole
numbers k(t), ac ording to 6 types of creation and annihilation patterns as depicted in Figure 4. The
dipole number changes in Type:A–C, and does not change in Type:D–F. This is not stochastic but simply165
determinis ic. At the moment of the dipole creation, we generate a si gle dipole with random position and
moment. At the moment of the dipole annihilation, we randomly select a single dipole and remove it. For
each type we generated 10 sample paths. The location rk(t)t transits according to the transition model (7)
with  2loc = 0.01
2 µV2. The moment qk(t)t oscillates sinusoidally with frequencies ranging from 7 to 13Hz
a it rotates circularly. Then, we generated artificial EEG records ynt according to the observation model170
(4) with SNR 5 dB and 10 dB. We arranged the n = 62 lectrodes in reference to the international 10-10
system of EEG sensor placement, depicted in Figure 5. Following Berg & Sch rg (1994), we set the radii r`
































Figure 4: Creation and annihilation patterns of artificial dipoles. Gray band indicates that the corresponding dipole exists.
For each pattern, 10 sample paths are generated.
Table 2: Parameters for Artificial Head Model
brain (` = 1) skull (` = 2) scalp (` = 3)
radius r`m 0.074 0.080 0.085
conductance  ` Sm 1 0.33 0.0042 0.33
Hyperparameters of Particle Filter
According to our preliminary trials, we determined the numbers of particles as in Table 3.175
Table 3: The Number of Particles
one dipole two dipoles hree dipoles
2, 000 10, 000 30, 000
Comparison to Existing Techniques










[  log f(ynt | rkt ,cqk(rkt ,ynt ))] + 3k2 log n
◆
(21)
as the criterion for determining the dipole number.
In addition, we compared our method to “DYNAMO” proposed by Antelis & Minguez (2013), which is
the most r levant method to ours. DYNAMO ran extended Kalman filters (EKFs) for each dipole numbers
in parallel, and statistically selected the best EKF by using AIC. We used particle filter and MPIC, instead of180
EKF and AIC. Note that some assumptions are significantly di↵erent, and thus we had to tailor DYNAMO
to fit our settin s. Those di↵erences are, (1) DYNAMO assumed that they have given both EEG and MEG,
on the other hand, we assume that we have given EEG only, b cause EEG is easier to acquire than MEG;
(2) DYNAMO assumed that an ideally low-noise signal (50 db SNR), on the other hand, we assume that






































































d ! E⇡⇤ [  log ⇡k(Y nnew|ynt)]
<latexit sha1_base64="39MvsZkw44iGngO9XisfBr9PO7w=">AAADx3icjVJNaxNBGH6360cbP5rqRRBkMFTSg2FSBD9OxSKoIKStsZVsGna3k2TIfjE7+XIcwat /wIMnhRzEn+HFP+Ch/gPxWMGLB9/ZrIoGW2fYnfd95nnej5nxkoCnktJ9a84+dvzEyfmFwqnTZ84uFpfOPUrjvvBZ3Y+DWOx4bsoCHrG65DJgO4lgbugFbNvrrZv97QETKY+jh3KcsGbodiLe5r4rEWoVpdMWrq+qWq1q4oRePFIPavfWdbm3QpyR4J2udIWIh2pPF5zQlV3PU3d0SzkJ31WOm0qtSYNcJU4QdwiCLdXTZccL1WMkRWyod1Wk yVNioLFxpF5ptoolWqHZILNGNTdKkI9avGRdAgf2IAYf+hACgwgk2gG4kOJsQBUoJIg1QSEm0OLZPgMNBdT2kcWQ4SLaw38HvUaORuibmGmm9jFLgJ9AJYFl+pG+pQf0A31HP9Pv/4ylshimljGu3lTLktbiiwtb345UhbhK6P5WHaLwkG14h3UloQ03sm44dpdkiOnTn2YYPHl5sHVrc1ldoW/oF+zwNd2n77HHaPDVn2ywzVcYfYJ8BsPs PMKswghvQCFuzreTISOMZ5Cf9ceYy/gCEZLznv1iTvBcOXocuWl2L0fnMPX/X44pczYHTnxv1b9f16xRX63crNCNa6W12/nDm4eLcBnK+LiuwxrchRrUsdRPFlgLVsG+byf2wB5NqXNWrjkPfwz7+Q+ZyufD</latexit><latexit sha1_base64="39MvsZkw44iGngO9XisfBr9PO7w=">AAADx3icjVJNaxNBGH6360cbP5rqRRBkMFTSg2FSBD9OxSKoIKStsZVsGna3k2TIfjE7+XIcwat /wIMnhRzEn+HFP+Ch/gPxWMGLB9/ZrIoGW2fYnfd95nnej5nxkoCnktJ9a84+dvzEyfmFwqnTZ84uFpfOPUrjvvBZ3Y+DWOx4bsoCHrG65DJgO4lgbugFbNvrrZv97QETKY+jh3KcsGbodiLe5r4rEWoVpdMWrq+qWq1q4oRePFIPavfWdbm3QpyR4J2udIWIh2pPF5zQlV3PU3d0SzkJ31WOm0qtSYNcJU4QdwiCLdXTZccL1WMkRWyod1Wk yVNioLFxpF5ptoolWqHZILNGNTdKkI9avGRdAgf2IAYf+hACgwgk2gG4kOJsQBUoJIg1QSEm0OLZPgMNBdT2kcWQ4SLaw38HvUaORuibmGmm9jFLgJ9AJYFl+pG+pQf0A31HP9Pv/4ylshimljGu3lTLktbiiwtb345UhbhK6P5WHaLwkG14h3UloQ03sm44dpdkiOnTn2YYPHl5sHVrc1ldoW/oF+zwNd2n77HHaPDVn2ywzVcYfYJ8BsPs PMKswghvQCFuzreTISOMZ5Cf9ceYy/gCEZLznv1iTvBcOXocuWl2L0fnMPX/X44pczYHTnxv1b9f16xRX63crNCNa6W12/nDm4eLcBnK+LiuwxrchRrUsdRPFlgLVsG+byf2wB5NqXNWrjkPfwz7+Q+ZyufD</latexit><latexit sha1_base64="39MvsZkw44iGngO9XisfBr9PO7w=">AAADx3icjVJNaxNBGH6360cbP5rqRRBkMFTSg2FSBD9OxSKoIKStsZVsGna3k2TIfjE7+XIcwat /wIMnhRzEn+HFP+Ch/gPxWMGLB9/ZrIoGW2fYnfd95nnej5nxkoCnktJ9a84+dvzEyfmFwqnTZ84uFpfOPUrjvvBZ3Y+DWOx4bsoCHrG65DJgO4lgbugFbNvrrZv97QETKY+jh3KcsGbodiLe5r4rEWoVpdMWrq+qWq1q4oRePFIPavfWdbm3QpyR4J2udIWIh2pPF5zQlV3PU3d0SzkJ31WOm0qtSYNcJU4QdwiCLdXTZccL1WMkRWyod1Wk yVNioLFxpF5ptoolWqHZILNGNTdKkI9avGRdAgf2IAYf+hACgwgk2gG4kOJsQBUoJIg1QSEm0OLZPgMNBdT2kcWQ4SLaw38HvUaORuibmGmm9jFLgJ9AJYFl+pG+pQf0A31HP9Pv/4ylshimljGu3lTLktbiiwtb345UhbhK6P5WHaLwkG14h3UloQ03sm44dpdkiOnTn2YYPHl5sHVrc1ldoW/oF+zwNd2n77HHaPDVn2ywzVcYfYJ8BsPs PMKswghvQCFuzreTISOMZ5Cf9ceYy/gCEZLznv1iTvBcOXocuWl2L0fnMPX/X44pczYHTnxv1b9f16xRX63crNCNa6W12/nDm4eLcBnK+LiuwxrchRrUsdRPFlgLVsG+byf2wB5NqXNWrjkPfwz7+Q+ZyufD</latexit>
